Introduction
Anxiety disorders are the most common mental disorders in America, affecting 15.7 million people each year and more than 30 million people at some point in the course of their lifetimes (1, 2) . Anxiety disorders have a serious impact on the society and health care system. According to data from the National Comorbidity Study (3) , approximately $42.3 billion per year were spent on anxiety disorders in 1990 in the United States. Additionally, anxiety disorders may cause reduced productivity at work, which can be a burden on the society (3).
D-cycloserine (DCS), an antibiotic for tuberculosis, has been tried as an enhancer of exposure therapy for anxiety disorders (2) as it was discovered to act as a partial agonist at the glycine modulatory site of the N-methyl-D-aspartate (NMDA) receptor with high affinity for this receptor (4, 5) . DCS has also been used to improve the negative symptoms in schizophrenia (6, 7) , and to facilitate improvements in functional impairments among children with autism (8) . Moreover, DCS has been used in the treatment of other psychiatric disorders such as acrophobia (9) , social-phobia (10) and obsessive-compulsive disorder (11, 12) .
The availability of the DCS at the NMDA receptor site depends on its dosage and on the levels of the blood/cerebrospinal fluid (CSF). DCS has excellent central bioavailability (13, 14) and is excreted primarily by the kidneys with a half-life of 9 hours (15) . For treatment of tuberculosis, 250 mg tablets of DCS are typically used at 500-750 mg daily in chronic dosing (16) . In contrast, utilization of DCS to enhance exposure treatment in humans has required only 50-500 mg in isolated dosing rather than in chronic dosing (10) . While the pharmacokinetics of DCS used for treatment of tuberculosis is known, the relationship between pharmacokinetics of DCS and the effect on behavior is not firmly established.
The optimal delivery of drugs to the brain in conditions such as Alzheimer's disease and anxiety disorders is crucial. A drug can be more effective for the treatment of anxiety disorders if it is given direct access to the brain through the nasal passage than if it is given in the current capsule-based oral formulation. Nasal delivery could significantly improve onset of action for DCS and reduce the required dose (17) . For these reasons, the nasal administration method has received lot of attention lately (18) (19) (20) , and it has become clear that a new formulation and delivery system for DCS will have important treatment implications. Because the olfactory receptor cells are in direct contact with both the environment and the central nervous system (CNS), delivering the drug via nasal passage allows drugs to bypass the blood brain barrier (BBB) and to be delivered to the CNS directly (21, 22) .
Many researchers have tried to use a nasal delivery system to bypass the BBB since many drugs are not able to cross the BBB (18) (19) (20) . Particularly, interest is shown in nasal delivery of drugs for neurodegenerative diseases such as Alzheimer's disease (23) and Parkinson's disease (24) . Nasal delivery has many advantages besides circumventing the BBB. The nasal epithelium is composed of monolayer of cells with a relatively high permeability (25) . The nose has a large surface area with numerous microvilli that enhance drug absorption rate, which may provide a rapid onset of action. Additionally, the sub-epithelial layer is highly vascularized and venous blood from the nose does not pass the liver, therefore, it circumvents first-pass metabolism in the liver. Nasal delivery also avoids acid and gastrointestinal enzyme degradation. Consequently, it will require lower doses, have more rapid onset of pharmacological actions, and have fewer side effects (26, 27) . By eliminating the need for systemic delivery, unwanted systemic side effects are reduced (21, 22) . Nasal delivery could be used for targeted drug delivery that releases the drug at or near the intended physiologic site of action. Nasal delivery also could be a strategy for an extended-release or sustainedrelease drug delivery if the dosage frequency allows at least a two-fold reduction as compared to conventional dosage form (28) .
One of the limitations of nasal drug delivery is its inadequate nasal drug absorption due to nasal mucociliary clearance. The clearance function of the nose is a protective system against foreign materials such as bacteria and viruses from reaching the lungs and is very important in order to prevent respiratory tract infections (29) . The mucocilliary clearance function moves noxious substances towards the nasopharynx and the substances are eventually transported into the gastrointestinal tract (30) . Increasing formulation viscosity with polymeric gels may provide a means of increasing the residence time in the nasal cavity by decreasing the mucociliary clearance. Increasing the residence time in the nasal cavity may prolong the absorption and facilitate the uptake of the drug, therefore providing longer therapeutic effects of nasal preparations (31) .
In the present study, different concentrations of four polymeric gels; Hydroxypropyl methylcellulose (HPMC), methylcellulose (MC), hydroxypropyl cellulose (HPC), and Pluronic ® F-127 (PF-127); that are known to increase viscosities of solutions in concentration dependent manner were prepared and analyzed. We hypothesized that if a polymer (HPMC, HPC, MC, or PF-127) is used as a drug carrier in DCS nasal gel formulation, then the polymer will increase the viscosity of the formulation and facilitate sustained DCS release. The aim of this preliminary study was to screen DCS gel formulations prepared using different polymers for optimal pH, viscosity and in vitro release behavior. Overall, the long-term goal of this study was to help evaluate the feasibility of using these polymers for the development of DCS nasal gel formulations in the future. 
Materials and Methods

Materials
DCS was obtained from
Preparation of gels with HPMC, MC, and HPC
Different concentrations of HPMC, MC, and HPC were prepared. "Hot/Cold technique" was used as these gels are non-Newtonian pseudo-plastics that must be heated first for an even suspension in distilled water (32) . Then, the gels were dissolved in the distilled water by cooling in an ice bath. Briefly, 400 mL of distilled water was heated on a hot plate until it reached approximately 100°C. The beaker was removed from the hot plate and placed in a rubber ice bucket under a mixing apparatus so that the propeller was submerged but not touching the bottom of the beaker. When the stirring process began, weighed amounts (for 0.5, 1, 2, 3, 4, 5%, w/v) of HPMC, MC, and HPC powders were slowly added and mixed into the distilled water. After 2.5 minutes, ice and the top of the bag was closed with a piece of string. Then, the attached string was used to tie the bag onto the bottom of the drive assembly of the Distek system. Once the vessels filled with 500 mL of PBS each had equilibrated to water temperature, the assembly drives were lowered into the vessels and locked into place to submerge the membranous sack in 500 mL PBS buffer. The Distek system was turned on and rotated at 50 rpm to mimic flow of body fluids. Samples (2 mL) were collected at predetermined time intervals for up to 24 hours (every 10 minutes for the first half hour, then every 15 minutes for the following half hour, and then every hour after that for a total of 6 hours as well as one 24-hour sample the next day) and analyzed by HPLC (Waters, Milford, MA, USA). Whenever each sample was removed, an equivalent amount of buffer was added. The samples were run on HPLC for 3.5 minutes at 220 nm wavelength, 30°C, 10 µL injection volume and flow rate of 0.5 mL/min. The mobile phase was a 90:10 mixture of a 10 mM sodium phosphate buffer (pH 7.4): acetonitrile. The peak areas were converted to the amount of DCS in mg using the previously calibrated standard curve of DCS. The amount of DCS release from each gel in phosphate buffer was plotted against time to know the release pattern. Based on the data, drug release behavior of polymeric gels was observed. and was used without any further purification. All chemicals, buffer reagents, and solvents used were of analytical grade and were purchased from Fisher Chemicals (Fair Lawn, NJ, USA). HPLC grade water and acetonitrile were also purchased from Fisher Chemicals (Fair Lawn, NJ, USA) and used throughout this study.
Drug transport assay in Calu-3 cells
In vitro cytotoxicity test in RPMI 2650 cells
The cell line was grown in the T75 tissue culture flasks at 37°C in 95% air-5% CO 2 . Culture medium used was EMEM with 10% FBS (v/v). When cell line was 70-80% confluent the cells were detached with Trypsin-EDTA solution and 100 µL of cells with media were was added around the sides of the beaker in the rubber ice bucket. Stirring was continued at 190 rpm until the 20-minute interval had come to completion.
Preparation of gels with PF-127
Pluronic gels were prepared by cold method (33) in different concentrations (15, 20, 25, 30 , 35%, w/v) and screened to compare effect of different concentration. Briefly, a weighed amount of Pluronic F-127 was slowly added to around 60-70 mL of water (at 10°C) in a beaker with continuous magnetic stirring. Aqueous PF-127 mixture was kept overnight at 4°C, and the final volume was adjusted to 100 mL with deionized water.
pH and viscosity
The pH of polymeric gels was analyzed for 3 weeks using Mettler Toledo pH meter (Columbus, OH, USA). The viscosities of prepared solutions were analyzed with a Brookfield DV-III Ultra Rheometer (Brookfield Engineering Laboratories, Middleboro, MA, USA) using a cone and cup attachment system. The prepared gels were placed in the cup and the spindle used was lowered perpendicular into the sample. The spindle was rotated at constant rpm. The temperature was set at 32°C as the physiological temperature of the nasal mucosa ranges between 32-34°C (34). Each concentration (0.5 mL) of HPMC, MC and HPC was analyzed in Brookfield's RheoCalc computer program using the Bingham equation. The unit commonly used is centipoise (cP), where 1 cP = 10 −2 P = 10 −3 Pa·s = 1 mPa·s. The viscosity of PF-127 was not measured because it was beyond the limit of the instrument and the spindle available. Few literatures (35, 36) were selected for the relationship between the concentration of PF-127 and the viscosity.
In vitro DCS release behavior study
In vitro release of DCS from the gels was performed using a Distek dissolution apparatus (Distek, North Brunswick, NJ, USA). The procedure was modified so that it is suitable for the analysis of the gels. Briefly, 15 mL of each gel and 300 mg DCS was added to a 50 mL centrifuge tube with plug seal cap (Corning ® , Corning, NY, USA). The tube was wrapped in aluminum foil and left on a Wrist Action Shaker (Burrell, Pittsburgh, PA, USA) overnight in order to ensure uniform mixing. A blue membrane clip shut (Spectrum Laboratories, Rancho Dominguez, CA, USA) was used to clip one side of an 8 cm piece of molecular-porous membrane tubing (Spectra/Por ® , Rancho Dominguez, CA, USA) that was soaked in a beaker of phosphate buffered saline (PBS) buffer for 20 minutes. DCS gel (2 mL) was added using a positive displacement pipet (Eppendorf, Westbury, NY, USA) into the membrane seeded onto 96-well plate at a final density of 10,000 cells/100 µL per well. After overnight incubation, various concentrations of DCS dissolved in autoclaved distilled water were added to each well to determine the cytotoxicity. The concentrations of DCS used were in the range of 1.25-100 μM. The cells were incubated for 72 hours at 37°C in 5% CO 2 . After incubation, 10 µL of MTT solution (5 mg/mL in PBS) was added to each well. The cells were incubated at 37°C for 4 hours. The formazan crystals formed were dissolved in a solubilizing buffer containing 20% SDS and 0.1 N HCl. The plate was left overnight, and absorbance values of the samples were read at wavelength of 570 nm with microplate reader (Epoch 2 Microplate Spectrophotometer, BioTek ® , VT, USA). The relative cell viability was calculated from the absorbance values as a percent of untreated cells (control).
Cell culture for drug transport assay
The Calu-3 cell line (HTB-55) purchased from the American Type Cell Culture Collection (ATCC, Rockville, IN) were grown in 75 cm 2 flasks in complete Eagles's minimal essential medium (EMEM) containing 10% (v/v) fetal bovine serum solution and maintained in a humidified atmosphere of 95% air/5% CO 2 at 37°C. Cells were propagated and subcultured according to ATCC recommendations. To establish the air-liquid interface model, cells were seeded onto Transwell polyester inserts at a density of 5 × 10 5 cells/cm 2 in 1.5 mL apical and 2.6 mL basolateral medium. The apical medium was removed 24 hours after seeding and cells were fed every alternate day with fresh basolateral medium only. The monolayers were allowed to differentiate under air interface feeding conditions over 10-15 days.
Transepithelial electrical resistance (TEER) of cell layers
The transepithelial electrical resistance (TEER) of Calu-3 monolayers was measured over time using a Millicell ERS-2 Epithelial Volt-ohm meter (EMD Millipore Corporation, Billerica, MA) with STX-01 chopstick electrodes. Pre-warmed sterile PBS 1× was added to the apical and basolateral sides of the Calu-3 monolayer. The monolayer was equilibrated for 30 minutes in a humidified atmosphere of 95% air/5% CO 2 at 37°C prior to resistance measurements. TEER was calculated by subtracting the resistance of a blank insert. The resistance of the cell monolayers in each well was measured 7 times between days 2 and 15 of culture.
Transport experiments
Transport experiments were conducted on days 10-15 in culture. Before each experiment, the cells were washed three times with sterile PBS 1×. The apical and basolateral layer were washed with pre-warmed sterile PBS and allowed to equilibrate for 30 minutes at 37°C. After the equilibration, the TEER of the monolayer was checked, and then the entire medium in both compartments was discarded. Fresh pre-warmed sterile PBS was acquired, and 2.6 mL of this were placed in the basolateral compartment and 1.5 mL of a solution of DCS was placed in the apical compartment. A sample of 1 mL was collected from each basolateral compartment at specific time intervals within a 3-hour period: 0.25, 0.5, 1, 2, and 3 hours. After each sampling period, the PBS in the basolateral compartment was discarded and replaced with a fresh 2.6 mL of pre-warmed sterile PBS to each basolateral compartment, and then placed in a humidified atmosphere of 95% air/5% CO 2 at 37°C. At the end of the entire sampling period, the remaining solution in the apical compartments was also collected for HPLC analysis. The samples were purified by filtration through 0.45 μm membrane filter and transferred to a HPLC vial for analysis. After the collection of the last samples, the TEER of the monolayers was again monitored.
HPLC method for DCS analysis
For the analysis of DCS in unknown samples, a previously published stability-indicating HPLC method developed in our lab for the separation and the detection of DCS was used (17) . All the chromatographic studies were performed on a Waters Alliance e2696 separations module/2489 UV/Vis detector. The separations were performed on Atlantis T3 5 μm Column (250 × 4.6 mm, Waters, Milford MA, USA). Column effluents were monitored at the wavelength of 220 nm for a run time of 8 minutes at the temperature of 30°C. For the mobile phase, 90% of 10 mM sodium phosphate buffer (pH = 7.5) and 10% acetonitrile was used. The mobile phase was filtered and degassed before use. The flow rate was 0.5 mL/min with the injection volume of 10 µL.
Statistical analysis
Experiments were performed at three different times and means were compared by analysis of variance (ANOVA). Data analysis was performed with Microsoft Excel (Microsoft Corp, Redmond, WA, USA) and a p-value of < 0.05 was considered statistically significant.
Results
pH
The pH of gels was found to be in the range of 6.66 (5% HPC) to 7.57 (35% PF-127) (Figure 1 ). Table 1 shows the pH value of each gel for three weeks. All polymeric gels showed general trend of stability (The pH difference of ≤ 0.1 from week 1 to week 3) except 5% MC (0.14), 2% HPMC (0.19) and 30% PF-127 (0.11). Table 2 shows the viscosity profile of HPMC, MC, and HPC polymeric gels at different concentrations. The viscosity of the preparation used in this study ranged between 1.4 cP to 43,000 cP. 4% HPMC showed the highest viscosity (43,000 cP) and 0.5% HPC showed the lowest viscosity (1.4 cP). Viscosity of the 5% HPMC could not be measured because it was beyond the limit of the instrument and spindle available but the viscosity of 5% HPMC was higher than 4% HPMC by visual inspection. Likewise, the viscosity of PF-127 was not measured because of instrument limitations. For the relative comparison to cellulose derivative gels, the data from previously published literature (35, 36) was used.
Viscosity
The data and visual inspection clearly indicate that as the concentration of polymer increased, there was an increased viscosity. HPMC, HPC, and MC showed trend of exponential increase in viscosities with an increase in concentration (analyzed by trend line equations). These polymeric gels showed strong correlation between the concentration of gel and the viscosity (R 2 > 0.97-0.99) (Figures 2A-2C ). Compared to MC and HPC, the viscosities of HPMC and PF-127 increased relatively much higher as concentration increased. The viscosity of HPMC was in the range of 14.4 cP to 42,296.0 cP for 4% HPMC and it is expected that 5% HPMC would be much higher. The viscosity of MC was in the range of 1.69 cP to 137.5 and HPC was in the range of 1.4 cP to 54.3 cP.
Comparison of the effect of different polymeric gels on DCS release
The drug-release behavior from four different polymeric gels was performed in vitro using Distek dissolution apparatus discussed in methods section. All four gels tested showed sustained DCS release over a 24-hour period, but with different rates. All cellulose derivative polymers (HPMC, MC, and HPC) showed the general trend of burst release resulting in greater than 50% of DCS release in the first hour except 5% HPMC, 4%
HPC, and 5% HPC. On the other hand, PF-127 could not release 50% of DCS in 24 hours (Figure 3) . One percent and 0.5% of HPMC could release > 90% of DCS in two hours. In 24 hours, 99% and 96% of DCS were released from 0.5% and 1% HPMC. Two, 3, and Figure 2 . Relationship between the concentration of polymeric gels and the viscosities. The viscosity of polymeric gels was analyzed using the Brookfield DV-III Ultra Rheometer. The data is expressed as a function of concentration of polymeric gels (% w/v) versus the viscosity (cP). Data are expressed as mean ± standard deviation (n = 3).
4% HPMC were able to release 71, 59, 81% of DCS in two hours and 78, 71, and 87% in 24 hours. Therefore, there was a lack of correlation between the viscosity of HPMC and the drug release behavior. Five percent HPMC significantly retarded drug release to only 32% at 2 hours and 38% at 24 hours. The result may suggest that 5% HPMC is not suitable for the maximum release rate ( Figure 3A) .
All concentrations of MC gels could release > 50% of DCS at 1 hour and > 75% of DCS at 2 hours. 2 and 4% MC released > 90%, 3 and 5% released > 80%, and 0.5 and 1% > released 78% at 24 hours. Therefore, there was a lack of correlation between the viscosity and drug release behavior for MC as well ( Figure 3B ). The lowest concentration (0.5%), 1%, 2%, 3% of HPC gels could release 50% of DCS at 1 hour. 4% and 5% of HPC gels could release 50% of DCS at 2 hours. However, no HPC gels could release greater than 75% at 24 hours. Among 0.5-5% concentrations of HPC, 2% released the highest concentration (74%) while 4% released the lowest concentration (60%). Again, there was lack of correlation between the viscosity and drug release behavior for HPC gels ( Figure 3C ).
Unlike other cellulose derivative gels (HPMC, MC, HPC), there was inverse relationship between the concentration of PF-127 gels and DCS release kinetics. As concentration of PF-127 increased, the viscosity increased, and drug release amounts decreased. Moreover, 15% PF-127 was only able to release 36% from initial DCS amount (the highest in PF-127), and 35% PF-127 could release 17% from initial amount of DCS (the lowest in PF-127) ( Figure 3D ). Figure 3E shows the relative comparison of four polymeric gels with concentrations that showed the highest amount of DCS release. The rank order of the highest to the lowest DCS release profile among them was 1% HPMC > 4% MC > 2% HPC > 15% PF-127. Overall, the rank of polymeric gels that released the highest amount of DCS to the lowest was HPMC > MC > HPC > PF-127.
Drug transport assay
For the drug transport assay, Calu-3 cells which were continuously propagated, grew rapidly and consistently, and were subcultured about once a week. Calu-3 monolayers generally consisted of cuboidal and polygonal cells. Confluent monolayers were generally formed after about 3 days post-seeding when plated at 1 × 10 5 cells/cm 2 in 6-well cluster plates. Histological staining of cross sections (using a hemocytometer, Bright-Line (Horsham, PA) revealed that Calu-3 cells, when plated at 5 × 10 5 cells/cm 2 , retained a predominant monolayer condition in Transwells.
The chromatogram of DCS standards showed a peak at retention time of 5.6 minutes. A blank sample was also injected to the HPLC system and no peak was observed from this sample. A good linearity was exhibited in the concentration range (1-1,000 µg/ mL) by using the presently developed HPLC method. The average coefficient of determination of 0.99 was observed for the standard curve. The slopes of the curves illustrated an excellent agreement with coefficient of variability.
To determine the concentration of DCS that will be used in the study, several concentrations were evaluated in transport experiments: 0.125 mg, 0.250 mg, 0.500 mg, 1.00 mg, 2.00 mg, 5.00 mg, 10.0 mg, and 20.0 mg of DCS were mixed in a 1.5 mL solution. From the Figure 4A , one can see that there is not much of a correlation with the amount of DCS that passed through the monolayer over time. The amount of DCS that passed through the monolayer does however seem to go down after 2 hours of experiment. As a result, lower concentrations of DCS (< 5 mg) were also evaluated. Figure 4B demonstrates that there is a closer correlation between the amounts of DCS that passed through the monolayer with time. Over the first 2 hours, there is an exponential increase in the amounts of DCS that penetrated through the monolayer, but after two hours, the graph plateaus. However, we further investigated DCS penetration at still lower concentrations (< 1mg). Figure 4C indicates that the lower the concentration the better the correlation between the passage of DCS over time. However, below 1mg of DCS, the correlation starts to deteriorate making 1mg a better choice over other concentrations.
In vitro cytotoxicity test in RPMI 2650 cells
The cytotoxicity of DCS was tested on RPMI 2650 nasal squamous cell carcinoma cells in vitro. The cell viability was determined using the MTT colorimetric assay after RPMI 2650 cells were treated with 1.25-100 µM concentrations of DCS. Since four polymeric gels: HPMC, HPC, MC and PF-127 are FDA approved non-toxic polymers, DCS dissolved in distilled water was used alone for the cell viability assay. Figure 5 shows the in vitro viability of RPMI 2650 cells after 72-hour treatment with 1.25-100 μM of DCS. Data were compared to the control (cells not treated with DCS) for the relative cell viability. There was no direct relationship between the dose and cell survival. p value of 0.51 indicates no statistically significant result.
Discussion
Nasal delivery of DCS, a partial agonist at NMDA receptors, via nasal passage could have important applications in many psychiatric disorders such as anxiety disorders (2, 4, 5) . However, because DCS is only available in tablets for tuberculosis treatment, which requires higher dosage for longer period than anxiety disorders, the utilization of DCS to enhance exposure treatment in humans, is not firmly established.
Besides, the hydrophilic nature of DCS and BBB limits the bioavailability of DCS at NMDA receptors. It could have important implication in anxiety disorders if DCS could be delivered directly into the brain. Nasal delivery system could be an attractive strategy as a means of delivering a drug into the brain due to direct contact of olfactory receptors to both the environment and the CNS. Additionally, the nature of highly vascularized nasal mucosa could provide rapid systemic effect and avoid hepatic first pass metabolism. Delivering DCS through nasal passage with polymeric gels, which bypass crossing BBB, may have advantages in terms of dosage requirements, bioavailability and onset time of action. A major barrier of nasal drug delivery is mucocilliary clearance which leads to low absorption of drugs. Using polymeric gels to prepare DCS nasal formulation could increase viscosity of the formulation, which would increase residence time in the nose thereby facilitating sustained release of DCS (31) . Prolonging nasal residence time may lead to longer absorption time for the drug to be permeated through nasal mucosa and it could lead to better therapeutic effects. Some polymeric gels are suitable carriers to be used in nasal gel formulation because of their thermoreversible property and biocompatibility. Also, the nasal gel does not require a specialized administration device. In the present study, four polymeric gels with thermoreversible property were selected and screened for the feasibility of using these gels for future development of DCS nasal gel. HPMC, MC, HPC, and PF-127 are polymeric gels that are frequently used as a delivery vehicle for drugs due to their unique characteristics, including thermos-reversibility and safety (37) (38) (39) (40) (41) . In this study, HPMC, MC, and HPC at 0.5-5% w/v and PF-127 at 15-35% w/v were prepared and screened for pH, viscosity and DCS release behavior in vitro. Additionally, the permeability and in vitro cytotoxicity of DCS in the nasal cells was also evaluated.
pH is a physical parameter that indicates the stability of the products as the change in pH can alter the property of solutions (42) . "Average baseline human nasal pH is approximately 6.3". It is recommended to keep the final formulation at a pH of 4.5 to 6.5 in order to have the best efficacy (drugs are absorbed in the un-ionized form). The pH of a nasal formulation is also important to avoid irritation of nasal mucosa, prevent growth of pathogenic bacteria, and maintain functionality of excipients such as preservatives (43) . The pH value ranged from 6.35 to 7.57 and could be easily adjusted with buffer (NaOH and HCl) to maintain proper pH. Furthermore, the prepared gels showed stability over three weeks (Table 1 and Figure 1) .
The viscosity of a formulation is directly proportional to the nasal residence time. Ibrahim et al. have shown previously, with increasing pluronic concentration, the viscosity increases (36) . In another study done by ElKamel, the viscosity of PF-127 gel also increased as the concentration increased (35) . All four polymers tested in this study could enhance nasal residence time owing to increased viscosity in a concentration-dependent manner. The exponential increase in viscosity of all gels was observed with the increase in concentration with strong correlation between the concentration of gel and the viscosity (R 2 > 0.97-0.99). Viscosities of the gels ranged between 1.4 cP to 43,000 cP. A relatively large change in viscosity of gels was observed with HPMC and PF-127 compared to HPC and MC (Table 2 and Figure 2) . HPMC, HPC, and MC showed exponential increase in viscosities with an increase in concentration and strong correlation between the concentration of gel and the viscosity could be established. Although viscosity of PF-127 could not be measured with the instrument available, other researchers reported that there is a direct relationship between PF-127 concentration and viscosity as well (35, 36) . Viscosities of HPMC and PF-127 were found to be in wider range compared to HPC and MC. This means if we need relatively higher viscosity formulation, we could manipulate HPMC and PF-127 concentrations for future development of DCS nasal gel as long as DCS release behavior is appropriate for anxiety disorders.
Furthermore, these polymeric gels showed that they release DCS in a sustained manner. The release of DCS was almost complete from 1% HPMC, 0.5% HPMC, and 4% MC (> 95%) within 24 hours, while 5% HPMC and PF-127 gels significantly retarded DCS release (< 40%) at 24 hours (Figure 3 ). In theory, DCS release rate should be decreased as polymeric gel concentrations increase. Overall, our results show that the rate of drug release decreased with increasing PF-127 viscosity ( Figure 3D ). However, there was a lack of correlation between the rate of drug release and the viscosity of cellulose derivative gels used in this study ( Figures 3A-3C) . Therefore, complex drug-polymeric gels-water interactions need to be investigated in the future. Currently, there is no defined or optimal viscosity that should be used in nasal formulation. It will depend on the patient's physiological condition. Therefore, the viscosity of the gel may be manipulated for different formulations as desired with the amount of drug that would want to be released to human nasal cells.
The permeability of drug is an important factor for BBB permeation to achieve desired and optimal therapeutic effects (44) . D-Cycloserine is an ideal drug for intranasal administration as the drug's low molecular weight may provide good absorption of the drug regardless of its hydrophilicity and ionization state (45) . Also, DCS should be absorbed well through the nasal cavity as DCS shows very good water solubility (17) . In this project, along with the DCS release behavior of polymeric gels we also conducted in vitro permeation studies on Calu-3 cells. A close correlation with an exponential increase (for the first two hours) was observed between the amounts of DCS that passed through the monolayer over time. From Figure 4 we observed that the correlation deteriorates below 1 mg of DCS. However, the space between 2 mg and 1 mg curve was found to be relatively large compared to the space between the 1 mg curve and the lower DCS concentration curves, making the 1 mg concentration a better choice for future studies.
When the nasal formulation is applied to a patient, it should not cause any cell death in nasal cells. The potential toxicity of DCS was tested in RPMI 2650 nasal cells to partially improve the concept of the drug delivery via nasal passage. RPMI 2650 cells are derived from squamous cell carcinoma of the human nasal septum, and the cells resemble normal human nasal epithelium (46) . RPMI 2650 cells are a valid model for an in vitro study of nasal drug absorption (47, 48) . No significant cytotoxicity occurred at any concentration between 1.25 µM -100 µM of DCS in distilled water (p = 0.51). No dose dependent cell death occurred either ( Figure 5 ). Therefore, in conclusion polymeric gels of DCS can be applied safely in nasal cells.
Conclusion
The optimal viscosity of the gel that should be used in nasal passage is not defined. Patient's physiological condition, the amount of drug needed, and the implication will define the type and the concentration of polymeric gels. This study was used as an initial screening of the feasibility of using polymeric gels for DCS delivery via nasal passage. Based on the overall results of this study and considering the data available in the literature, we firmly believe that HPMC, MC, HPC, and PF-127 could be used in a nasal gel formulation to increase the viscosity and release DCS from formulations in sustained manner at different rates. In the current study, we only looked at DCS release behavior of polymeric gels. In future, we also plan to alter and test the formulation after adding excipients such as buffer (NaOH and HCl) to maintain pH, sodium chloride to adjust osmolarity, and preservatives such as Parabens to prevent microbial growth. Additionally, we also plan to monitor the gelation temperature of the final formulation since it needs to be in the range of 25°C to 37°C to function as a thermoreversible gel. Finally, formulation with minimum concentration of polymeric gel showing acceptable gelation temperature will be selected for the animal studies.
